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Abstract 
The simple homogeneous N-acetylating reaction was developed for preparation of chitosans with various degree of 
deacetylation (DDA). Water-soluble half N-acetylated chitosan powders were characterized by IR, CP/MAS-
13CNMR, XRD and thermal analysis. The results show the half N-acetylated chitosan presents higher water hold 
capacity, lower crystallinity and thermal stability in contrast to the original chitosan with 91% DDA, which may be 
explained by the differences of intermolecular hydrogen bonding. The influences of DDA on crystalline properties, 
mechanical and the swelling of chitosan films were studied by XRD, Dynamic Mechanical Analyzer and swelling test, 
respectively. The results confirm the swelling index of chitosan films increase with decreasing DDA, especially for 
half N-acetylated chitosan film showing instant water solubility. The tensile strength and elongation at failure of 
chitosan films are found to have correlation with DDA, and half N-acetylated chitosan films show better elongation at 
failure. XRD results show the half N-acetylated chitosan film has higher crystallinity with possible layered crystalline 
structure. Special crystalline structure, water solubility of half N-acetylated chitosan powders and films would be 
helpful for developing modification and application methods in medicine, packaging industry, or food processing. 
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1. Introduction 
Chitin is one of the most abundant natural polysaccharide and occurs mainly in insects, marine 
invertebrates, fungi, and yeasts. Chitosan [(1→4)-linked 2-amino-2-deoxy-β-D-glucan] is the derivative 
of chitin and can be prepared by N-deacetylation of chitin. Much attention has been paid to chitin and 
chitosan in agriculture, food, industrial and medical fields due to their biocompatibility, biodegradability, 
nontoxicity, and bacterial activities[1-5]. Chitin and chitosan can be readily converted to fibers, films, 
coatings and beads as well as powders, further enhancing their usefulness. However, the insolubility in 
common solvents of chitin has limited its chemical modification and applications. Chitosan is soluble in 
aqueous acids because of the protonation of amino groups, but it is insoluble in water and most of organic 
solvent so as to restrict the applications. Many researches have been done to improve water solubility of 
chitin and chitosan, and there are three types of methods mainly applied[5-7]. The former two methods 
are depolymerization to prepare water-soluble chitosan with low molecular weight and chemical 
modification to form water-soluble chitosan derivatives connected with hydrophilic groups. The latter is a 
simple modification in which the degree of substitution is controlled as about 50%, that is to prepare 
water-soluble half N-acetylated chitosan.  
Water solubility of chitosan has been found to rely on degree of deacetylation (DDA) and randomly 
50% deacetylated chitosan is soluble in neutral water or even under alkaline conditions. It is necessary to 
study the preparation, structure and characterization of half N-acetylated chitosan materials in order to 
know more about this water-soluble chitosan and provide basic data for development of possible 
applications in packaging industry, food processing, or medicine. Half N-acetylated chitosan owning 
good water solubility can be used as raw material for homogenously chemical modifications in aqueous 
solution[8]. Half N-acetylated chitosan was also utilized as water-soluble drug carrier and the 
biocompatibility and biodegradation were studied[9]. Water-soluble chitin with about 50% DDA can be 
obtained from chitin by hydrolysis with alkali, but a long reaction time, i.e., over 2 days, was 
required[10,11]. On the other hand, water-soluble chitosan with about 50% DDA can be prepared from 
chitosan by N-acetylating with acetic anhydride[12,13]. Some complex solvent system were used, such as 
acetic acid–water–methanol–pyridine, or 9 folded molar ratio of acid anhydride to chitosan and 5 hours 
were needed.  
In this study, the homogeneous N-acetylating reaction was applied for preparation of chitosans with 
various DDA. Water-soluble half N-acetylated chitosan powders were characterized by IR, CP/MAS-
13CNMR, XRD and thermal analysis. The influences of DDA on the swelling, mechanical and crystalline 
properties of chitosan films prepared by film casting method were studied by XRD, Dynamic Mechanical 
Analyzer and swelling test, respectively.. Special water solubility, crystallinity properties of half N-
acetylated chitosan powders and films prepared in neutral pH were investigated in details. 
2. Experimental 
2.1. Materials 
Commercially available chitosan from crab and shrimp shells was supplied by Zhejiang Yuhuan Chitin 
Inc. (PRC). The degree of deacetylation was 91%, as determined by titration method[14] and elemental 
analysis[15]. All other chemicals used were of analytical grade commercially available. 
2.2. N-Acetylation of chitosan 
Chitosan (1.0g) was dissolved in aq 2wt% acetic acid (50ml) and the determined molar ratio of acetic 
anhydride (Ac2O) to glucanamine (GlcN) units of chitosan (1:2, 1:1, 2:1, 3:1, 4:1, 5:1, 7.5:1, 10:1, 12.5:1) 
was added to the chitosan solution dropwise. After stirring for 1h at room temperature, the reaction 
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mixture was neutralized using 5mol/l KOH-methanol. The precipitated samples were filtered and 
intensively washed with methanol until neutral pH and then rinsed with methane ether. The chitosan 
samples were dried in vacuum at room temperature for 2 days, then in vacuum at 50℃ for 12h. When the 
molar ratios of Ac2O to GlcN units were 1:2 and 2:1, the reaction time was changed as 1h, 4h, 20h and 
24h, respectively. 
2.3. Preparation of chitosan films 
Chitosan films were prepared by film casting methods. Half N-acetylated chitosan (0.3g) was dissolved 
in distilled water (30ml). The solution was poured into a Petri dish of 60 mm in diameter. The half N-
acetylated chitosan film was obtained after drying for 2 days in ambient climate, about 50%RH and 
around 23℃, and then in vacuum at 50℃ for 24h.  
Chitosan sample with different DDA (0.3 g) was dissolved in aq 2wt% acetic acid (30 ml). Each 
solution was poured into a Petri dish of 60 mm in diameter. After drying for 2 days in ambient climate, 
about 50%RH and around 23℃, the prepared chitosan films were mounted on a stainless steel holding 
device and immersed in aq 2wt% NaOH for 8h to neutralize residual acetic acid in films. These films 
were then washed thoroughly with distilled water until neutral pH. The chitosan films with different DDA 
were obtained after drying for 2 days in ambient climate and then in vacuum at 50℃ for 24 h. 
2.4. Measurement of chitosan powders 
The DDA of chitosan powder samples were determined by titration method[14] and elemental 
analysis[15]. Elemental analysis was performed by Perkin Elmer 2400-II. The molecular weight of the 
half N-acetylated chitosan was measured in water solvent system using a PE GPC Series-200. The 
column temperature was 50℃, the system pressure was 43MPa, the flow rate was 2.0ml/min, and injected 
sample size was 200l. Infrared spectra of powder chitosans with 91% and 52% DDA were recorded with 
a Bruker infrared spectrometer (Model EQUINOX 55). Solid state 13CNMR spectra were obtained in a 
Varian Mercury Plus-400MHz spectrameter, operating at 4KHz, using the cross polarization sequence 
and spinning at the magic angle (CP/MAS) at 100MHz. Differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TG) measurements were performed using a Perkin Elmer DSC7 differential 
scanning calorimeter and a TA TGA 2050 thermogravimeter under N2 purge, at a heating rate of 
10℃/min. X-ray diffraction patterns were obtained from a Bruker AXS D8 Advance X-ray generator, in 
which Ni-filtered Cu Kα radiation was generated at 40kV and 40mA. The crystallinities (Xc) of samples 
were estimated by Equations: 
                                                         Xc = [Fc/(Fc+Fa)] 100%                                                          (1) 
where Fc and Fa are the areas of crystal and non-crystalline regions, respectively[6]. 
2.5. Measurement of chitosan films 
 Infrared spectra of chitosan films with 91% and 52% DDA were recorded with a Bruker infrared 
spectrometer (Model EQUINOX 55). X-ray diffraction patterns were obtained from a D/max-3A X-ray 
diffractometer, in which Ni-filtered Cu Kα radiation was generated at 40kV and 100mA. The stress-strain 
curves of chitosan films with different DDA were measured by a TA DMA 2980 dynamic mechanical 
analyzer. The testing specimens were strips with size of 20×3×0.1mm and were drawn under ambient 
conditions by the crosshead speed of 5mm/min. 
2.6. Solubility and swelling tests 
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Water solubility of half N-acetylated chitosan powders was evaluated at the concentration of 
1g/100mlH2O. Instant solubility of half N-acetylated chitosan films was determined as reported[16]. 
Specimens were square films with size of 10×10×0.1mm and were signed with “+” in the center. Testing 
film was immersed into static water (500ml) in a 1L beaker kept at temperature of 20℃ (0℃, 30℃, 40℃, 
70℃) and time for complete disappearance of “+” sign was measured. The soluble time of half N-
acetylated chitosan films is determined as mean value of six specimens. 
Dry chitosan film with different DDA was immersed in distilled water at room temperature until 
swelling equilibrium was attained. The mass of wet sample was measured after removing the surface 
water with blotting paper. The Swelling index (SI) was calculated using equation (2): 
SI = [(Ww - Wd)/Wd] 100%                                                           (2) 
where Wd and Ww are the masses of dry film and wet film, respectively.  
3. Results and discussion 
3.1. Preparation of N-acetylated chitosans 
Although both deacetylation of chitin and N-acetylation of chitosan may be used for preparation of 
chitosans with different DDA, the molecular weights decreased obviously as the deacetylation time 
increased and a long reaction time was required in heterogeneous deacetylation of chitin compared with 
N-acetylation of chitosan[9,14]. Therefore, the improved method was applied that chitosan were N-
acetylated with acetic anhydride in aqueous acetic acid to enable the reaction to proceed under simple and 
homogeneous conditions. Series of selectively N-acetylated chitosans were prepared using acetic 
anhydrides as common acylating agent. In this N-acetylation reaction, the presence of acetic acid 
protonates the carbonyl oxygen of acetic anhydride. That makes the carbonyl carbon more positive and 
reactive for necleophile to attack[17]. 
Figure 1 shows influence of the molar ratio of Ac2O to GlcN units of the original chitosan on the DDA 
of chitosan products. The degrees of N-acetylation increase with increasing molar ratio of Ac2O to GlcN 
units and that means the DDA of chitosan products decrease. Hence, the preparation of chitosan 
derivatives with different DDA may be controlled by changing the quantity of acetic anhydride. As 
Figure 1 shown, about half of the amino groups are acetylated with 2~3 equivalents of acetic anhydride to 
obtain chitosan products with 52% DDA. The results show a less excessive amount of acetic anhydride is 
required for the preparation of half N-acetylated chitosan in present acetic acid system. Other researches 
also suggest excessive amounts of acetic anhydride are needed for half N-acetylation of chitosan carried 
out in different aqueous acetic acid system[10,11]. This is mainly caused by the influence of acetic acid 
on the side reaction, i.e., hydrolysis of acetic anhydride. The protonation of the carbonyl oxygen of acetic 
anhydride not only promotes N-acetylation of chitosan, but also makes the carbonyl carbon more reactive 
for water as the weak nucleophile to attack[17]. 
The changes of chitosan products with reaction time are listed in table 1. As the molar ratios of Ac2O to 
GlcN units were 1:2 and 2:1 and the reaction time was 1h, the DDA of chitosan products were 52.2% and 
72.3%. When the reactions extended to 4h, 20h and 24h, the DDA of chitosan products do not change 
obviously. N-acetylation of chitosan is a typical nucleophilic addition followed by elimination[17], in 
which the intermediate with four sigma bonds is of low energy. The activation energy of the reaction is 
therefore low, so it can take place quickly. The results show the preparation of chitosan derivatives with 
different DDA may not be controlled by changing reaction times. 
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Fig. 1.   Relationship between the degree of deacetylation of chitosans and the molar ratio of Ac2O to GlcN units. 
Table 1.  Influence of the reaction time on degree of deacetylation of chitosan products. 
Time of N-acetylation/h 1 4 20 24 
Degree of 
deacetylation/% 
molar ratio of Ac2O/GlcN =1:2 72.3 73.9 ﹣ 75.8 
molar ratio of Ac2O/GlcN =2:1 52.2 48.2 55.3 54.5 
 
As a fast and simple method, N-acetylation of chitosan in 2wt% aqueous acetic acid can be applied to 
prepare half N-acetylated chitosan when the molar ratio of Ac2O to GlcN units is controlled as 1:2 and the 
reaction time is 1h. The molecular weight of the prepared chitosan with 52% DDA is 4.8104, and the 
reaction productivity is about 66%. 
3.2. Characterization of half N-acetylated chitosan 
The infrared spectra of powder chitosans with 91% and 52% DDA are shown in Figure 2. Differences 
are found in the chitosan spectra because of changing DDA. In spectrum of the original chitosan (Figure 
2a), strong characteristic band at 1590cm-1 is assigned to the N-H bending vibration of the primary amine. 
The bands at 1650cm-1 (amide I band), 1544 cm-1 (amide II band), and 1454cm-1 (CH3 in-plane bending) 
are greatly weakened in this spectrum of highly deacetylated chitosan. In the spectrum of half N-
acetylated chitosan (Figure 2b), it can be seen that the amide band at 1660 cm-1 is evident and the band at 
1590cm-1 corresponding to unreacted amino groups is maintained. Wide band appearing at 3200~3500 
cm-1 is associated with the hydrogen bonding involving the N-H, O-H stretching. Two strong bands at 
1480cm-1 and 1380cm-1 are found because of bonded CH3 in acetyl groups[18]. The assignments for the 
infrared absorption bands of chitosans with 91% and 52% DDA in the region from 3500 cm-1 to 896 cm-1 
are given in Table 2. 
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Fig. 2.   Infrared spectra of powder chitosans with (a) DDA=91%; (b) DDA=52%. 
Table 2.  Assignment of Infrared spectra for chitosans of (a) DDA=91%; (b) DDA=52%. 
(a) chitosan of 91% DDA (b) chitosan of 52% DDA 
IR (cm-1) Assignments IR (cm-1) Assignments 
3440 O-H, N-H stretching 3500~3200 O-H, N-H stretching 
2921 CH2, CH3 stretching 2924 CH2, CH3 stretching 
2874 C-H stretching 2878 C-H stretching 
（1650） AmideⅠband（weak） 1650 AmideⅠband 
1590 N-H bending of NH2 1590 N-H bending of NH2 
（1544） AmideⅡband（weak） （1550） AmideⅡband（weak） 
（1454） CH3 in-plane bending（weak） 1480 CH3 in-plane bending 
1424 CH2  bending 1420 CH2  bending 
1380 CH bending and sym. CH3 deformation 1380 CH bending and sym. CH3 deformation 
1322 Amide Ⅲ band 1317 Amide Ⅲ band 
1257 O-H bending 1258 O-H bending 
1153 Asymmetric bridge oxygen (C-O-C) stretching 1157 
Asymmetric bridge oxygen (C-O-C) 
stretching 
1091 C-O stretching of C3-OH 1091 C-O stretching of C3-OH 
1036 C-O stretching of C6-OH 1036 C-O stretching of C6-OH 
896 Glucose ring stretching 896 Glucose ring stretching 
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Figure 3 presents the CP/MAS-13CNMR spectra of chitosans with 91% and 52% DDA. The 
assignments of the chemical shifts are also presented. According to the examination of 13CNMR spectra 
of chitosans from various sources including the crab shell chitosan, shrimp shell chitosan, chitin and etc., 
the chemical shifts of C-1 and C-4 carbon in 1, 4-linked carbohydrates are believed to be highly sensitive 
to the conformational change at the glycosidic linkage[19,20]. In the spectrum of the original chitosan 
(Figure 3(CHIT)), the chemical shifts of C-1 at 105.4 ppm is a singlet that corresponds to the crab 
chitosan. The C-4 signal appears as a plateteau whose edges show the doublet peak of the 3.4~4.4 ppm 
separation, which is coincided with the shrimp chitosan. The results confirm the original chitosan is the 
mixture of crab chitosan and shrimp chitosan. 
 
 
 
 
Fig. 3.   CP/MAS-13CNMR spectra of chitosans with DDA=91% (CHIT) and DDA=52% (CH-50). 
 
In the spectrum of the half N-acetylated chitosan (Figure 3(CH-50)), the chemical shift of –CH3 (C-8) 
appears at 22.3 ppm. The chemical shifts of the amide carbonyl at 175.1 and 164.8 ppm imply the 
existence of selective N-acetylation. For the half N-acetylated chitosan, the characteristic doublet for the 
C-4 signal cannot be observed but one sharp and broad peak appears at 82.5 ppm, which is more close to 
chitin. The signal of C-1 is split into a doublet with a peak separation of 1.4 ppm. Another weak splitting 
of C-2 signal is observed at 56.8, 54.7 ppm and the chemical shift of C-6 appears at 60.3 ppm. The 
polymorphs changes shown in the spectrum of half N-acetylated chitosan are related with the coexistence 
of acetamido groups and amino groups. Saito et al.[19] have suggested the multiplicity of the C-1 and C-4 
13CNMR peaks in chitosans may be explained by conformational nonequivalence of two independent 
chains caused by the presence of water molecules loosely bound between the chitosan chains along the 
[010] direction. The observed splittings of the C-1, C-4 and C-2 peaks in Figure 3(CH-50) show unique 
polymorphic nature and water holding capacity of the half N-acetylated chitosan. 
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3.3. Physical properties of half N-acetylated chitosan 
So far, the following six polymorphs have been proposed for chitosan: “tendon chitosan”, “annealed”, 
“1-2”, “L-2”, “form-I” and “form-II” [21,22]. The single molecular chain in these polymorphs has always 
been observed to be extended 2-fold helical structure. The form I crystal is orthorhombic with a unit cell 
of a = 7.76, b = 10.91, and c = 10.30 Å. The strongest reflection appears at 2θ=11.4˚, which is assigned to 
(100) reflection. The form II crystal is also orthorhombic with a unit cell of a = 4.4, b = 10.0, and c = 10.3 
Å (fiber axis). The strongest reflection appears at 2θ = 20.1˚, which corresponds to the (100) reflection. 
Figure 4 presents XRD patterns of powder chitosans with DDA of 91%, 72% and 52%, respectively. 
In Figure 4a, the original chitosan with 91% DDA shows two strong reflections at 2θ = 10.6˚ and 2θ = 
20.4˚, which are coincided with the pattern of the form I crystal and the form II crystal. As Figure 4b 
shown, the chitosan product with 72% DDA shows two weaker peaks than the original chitosan and the 
crystallinity is 21.4% while it is 23.6% for the original chitosan. As shown in Figure 4c, one strong peak 
of the chitosan with 52% DDA appears at 2θ = 20.1˚ and the crystallinity is 21.8%. The results show the 
amorphous region of the half N-acetylated chitosan increases and the crystalline structure partially 
changes but maintains the form II crystal region in contrast to the original chitosan.  
 
 
Fig. 4.   XRD patterns of powder chitosans with various degree of deacetylation(DDA): (a) DDA=91%, 
(b) DDA=72%, (c) DDA=52%. The crystallinity of powder chitosans was (a) 23.6%, (b) 21.4% and (c) 21.8%, respectively. 
Figure 5 shows DSC, TG and DTG curves obtained for the powder chitosans with 91% and 52% DDA. 
In Figure 5a, DSC curve of the original chitosan exhibits one endothermic peak at 56.88℃ and one 
exothermic peak at 314.34℃, whereas the DSC curve of the half N-acetylated chitosan shows one 
exothermic peak at 268.81℃ and two endothermic peaks at 71.26℃ and 186.20℃. As Figure 5b and 5c 
shown, TG/DTG curve of the original chitosan is characterized by two peaks corresponding to two weight 
loss stages. One is the loss of water with weight loss of 5% and the other is the degradation with weight 
loss of 50%. In TG/DTG curve of the half N-acetylated chitosan, there are three stages with weight loss 
of 3%, 6% and 42% in turn. The three stages are due to the loss of free water, combined water and 
thermodegradation. As is known, the hydration properties of chitosans depend on the primary and supra-
molecular structure and the presences of combined water also have strong influence on the overall 
polymorphic nature of the macromolecules[23]. Therefore, the endothermic phenomena related to the 
evaporation of combined water reflect chemical and molecular changes of the half N-acetylated chitosan, 
as CP/MAS-13CNMR results have also confirmed. 
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Fig. 5.   (a) DSC, (b) TG and (c) DTG curves of powder chitosans. 
Sign 1 and 2 represent powder chitosans with 91% and 52% DDA, respectively. 
Close examination of thermograms in Figure 5 reveals that there are differences in the endothermic 
peaks and the positions of peaks, indicating the powder chitosans with 91% and 52% DDA differ from 
each other in the water holding capacity and thermal properties. The first endothermal event of the 
original chitosan is assigned to the loss of water molecules and the second exothermal event is related 
with the decomposition. For the half N-acetylated chitosan, one more endothermal event occurs from 
160℃ to 200℃ besides the two events mentioned above. The half N-acetylated chitosan shows higher 
water holding capacity and strong strength of water-polymer interaction of, which are caused by different 
chemical and super-molecular structures from the original chitosan. As shown in Figure 5, remarkable 
differences in the exothermic transition are also observed for chitosans with 91% and 52% DDA. The 
exothermic peak of the half N-acetylated chitosan is shifted to a lower temperature, compared with that of 
the original chitosan. The results indicate that chitosan with 91% DDA is more stable than chitosan with 
52% DDA in thermal degradation. This is due to the stabilizing effect of hydrogen bonding formed by 
more free amino groups due to characteristic structures[23,24]. 
Researches suggest that the water solubility of about 50% N-acetylated chitosan results from the 
random distribution of N-acetyl groups and suitable molecular weight[11]. The present prepared half N-
acetylated chitosan is water-soluble over a wide pH range or even at ice temperature. In solubility tests of 
the half N-acetylated chitosan evaluated at the concentration of 1g/100mlH2O, the powder samples may 
be dissolved in pure water after stirring for about 1h at 20℃, and 2h at 0℃. 
For the acetyl-substituted powder chitosans, different crystalline structure and polymorph nature 
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together with chemical structure influence the thermal and solubility properties. Previous X-ray 
diffraction and thermal analysis show the half N-acetylation has lower crystallinity and reducing regular 
level. In addition, the half N-acetylated chitosan has random distribution of acetamido groups and amino 
groups of about 50/50 and shows higher water hold capacity. All these make the half N-acetylated 
chitosan present water solubility. In solubility tests, the soluble process of the half N-acetylated chitosan 
keeps for a few hours because partially maintained crystalline structure still needs more soluble time after 
amorphous region is dissolved. 
Why only about 50% DDA of chitosan is water-soluble instead of chitosan with more than 50% DDA 
or chitin with lower than 50% DDA. We explain this by discussing the differences of intermolecular 
hydrogen bonding patterns for chitin, chitosan and half N-acetylated chitosan, shown in Scheme 1. For 
chitosan with high DDA, the chitosan chains are held together by a tight network of intermolecular 
hydrogen bonds. This network is essentially organized around the nitrogen of free amino group, which 
acts as a donor for the O6 of adjacent molecule or O5 of another[22,25]. In chitin chains, the presence of 
N-acetyl groups produce hydrogen bonds to carbonyl groups and there are C=O…H−N intermolecular 
hydrogen bonding between the acetamido groups[26,27]. Therefore, the comparison of the distance 
between two adjacent chains in chitosan and chitin shows obvious differences and the latter might be 
slightly longer than the former. Due to coexistence of acetamido groups and amino groups, the half N-
acetylated chitosan may be arranged in and linked by two sets of hydrogen bonds. However, the 
distribution is random so as to construct disordered bonding and changing distance between adjacent 
chains. This rather loose packing arrangement may facilitate water molecule easily penetrate and hydrate 
to form special combined water structure, confirmed by 13CNMR and XRD. 
 
 
Scheme 1.   Comparison of intermolecular hydrogen-bonding patterns for chitin, chitosan and half N-acetylated chitosan. 
On the other hand, from the point view of space hindrance, random distribution of acetamido larger 
groups among amino groups may weaken hydrogen bonding and hold up regular packing arrangement of 
the chitosan molecules. This might be responsible for water solubility property of the half N-acetylated 
chitosan. As a result, the decrease of intermolecular interactions, even including van der Waals forces 
might cause the half N-acetylated chitosan show higher water hold capacity and lower thermal stability. 
3.4. Preparation of half N-acetylated chitosan films 
Chitosan functional films and membranes are the promising materials and have been widely 
studied[28-31]. They have been proposed for uses in food processing, membrane separation, chemical 
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engineering, medicine and biotechnology. For example, preservative impregnated chitosan films were 
developed and tested for their efficacy as a potential active packaging material[30]. 
Chitosan films or membranes are usually prepared by film casting using suitable solvent. When 
chitosan is dissolved in aqueous acetic acid, basic solution has to be used to neutralize acetic acid and the 
films need to be washed till neural pH. In contrast, water-soluble half N-acetylated chitosan films may be 
prepared directly at neutral pH and the process is simple. Volatile solvent such as ethanol and acetone 
may be added to accelerate the formation of films. Figure 6 shows infrared spectra of the powder and film 
samples of the original chitosan with 91% DDA and the chitosan film with 52% DDA. The bands of both 
chitosan films are broad but most are coincided with the assignments of the corresponding powder 
chitosans. For the chitosan with 91% DDA, absorption patterns in the N-H, O-H stretching region become 
more wide and complex in the casting film state, since hydrogen bonding forces change and obvious N-H 
stretching comes into play. 
 
 
Fig. 6.   Infrared spectra of chitosans of (a) DDA=91%, powder; (b) DDA=91%, film;(c) DDA=52%, film. 
3.5. Physical properties of partially N-acetylated chitosan films 
The X-ray diffraction patterns of the chitosan films with various DDA are given in Figure 7. The 
casting chitosan films with DDA of 91% and 72% (Figure 5a and 5b) show one strong reflection at 2 = 
20.1 corresponding to the (100) reflection of the „form-II‟ polymorph. Their crystallinity degrees are 
23.9% and 22.5%, respectively. In comparison to X-ray diffraction patterns of the powder chitosans with 
DDA of 91% and 72%, that is two peaks about at 2 = 10 and 20 observed in Figure 2a and 2b, the 
differences imply changing crystal structure and conformation. There are partial changes of constrained 
chain conformation to more extended chain structure when chitosans were dissolved in dilute aqueous 
acetic acid and cast into films. 
The chitosans with DDA of 63%, 55% and 52% show a broad reflection at 2 = 20 together with a 
reflection at 2 = 7~9. The peak at 2 = 7~9 becomes strong and shifts to low angle as the DDA 
approaches to 50%. The two peaks are related to two different types of crystals. The former reflection 
indicates that the main polysaccharide chains cannot keep a-axis (100) reflection after losing hydrogen 
bonding that prevails in the structures of powder chitosans. The latter suggests one type of ordering 
structure[32]. Scheme 2 showed the side chains are interdigitated with each other forming a layered 
crystal structure with the main chains extended. The crystallinity of the chitosan films with DDA of 63%, 
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55% and 52% are 24.5%, 39.7% and 42.6%, respecitively. The results show the crystalline region 
increases with decreasing DDA. 
 
 
Fig. 7.  XRD patterns of chitosan films with various degree of deacetylation(DDA): (a) DDA=91%, (b) DDA=72%, (c) DDA=63%, 
(d) DDA=55%, (e) DDA=52%. The crystallinity of chitosan films was (a) 23.9%, (b) 22.5%, (c) 21.5%, (d) 39.7% and (e) 42.6%, 
respectively. 
 
Scheme 2.   Crystal structure patterns of half N-acetylated chitosan films. 
Zong et al[32] have reported similar crystal structure patterns of hexanoyl, decanoyl and lauroyl 
substituted chitosans. They found the layer spacing d increased linearly with increasing length of the acyl 
substituents. The research suggests even though the main chains of those chitosan films are extended and 
form a layered stack, they might be disordered trimensionally and give rise to broad reflection at 2 = 20. 
In present study, the half N-acetylated chitosan may be regarded as chitosan with the acyl side chain of 
two carbon atoms. For the powder half N-acetylated chitosan, the disordered side linkage is too short to 
retard hydrogen bonds in molecular structures. While the half N-acetylated chitosan is dissolved in water 
and cast into film, the chains may extend to form a parallel sheet structure and these sheets are piled up as 
higher ordered structure in film state. The diversity reflects the unusual conformational and packing 
versatility of this biopolymer, which might influence water solubility behaviors and mechanical properties 
of the chitosan films.  
Figure 8 shows swelling properties of the chitosan films with various DDA. The SI of the chitosan 
films increases substantially with decreasing DDA, and the chitosan films with 52% DDA show instant 
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water solubility (signed as ). The differences are due to the dissimilarities in the crystalline structure and 
the residual amount of hydrophilic groups after forming hydrogen bonding. For series of chitosan films 
with high DDA, the swelling behaviors are influenced by the association degrees of the hydrophilic 
groups, i.e. hydroxyl groups and amino groups. The increasing DDA means more amino group content on 
the backbone of chitosans, which enhances the hydrophilicity of the chitosan films and the SI increases 
correspondingly. As the DDA is about 50%, the amorphous region of the chitosan is ready to be soluble 
for the weakened intermolecular connection caused by the random distribution of acetamido and amino 
groups. In crystalline region of the half N-acetylated chitosan, the layered structure is formed along with 
less hydrogen bonding connecting stacks. Hence, water molecules can easily penetrate between the stacks 
until they are dissolved totally later.  
 
Fig. 8.  The dependence of swelling property of chitosan films on the degree of deacetylation. 
 
Table 3 shows instant solubility results of the half N-acetylated chitosan films. It is noted that the 
powder and film samples of chitosan with 52% DDA show different water solubility properties. The 
powder half N-acetylated chitosan can be dissolved in water by stirring over a few hours, whereas the half 
N-acetylated chitosan films are readily soluble in water for several minutes, such as about 2 min at 20℃ 
and 3~4 min at 0℃.  
Table 3.  Instant solubility of half N-acetylated chitosan films. 
Temperature（℃） 0 20 30 40 70 
Soluable time of half N-acetylated chitosan 
films（s） 210 78 62 48 30 
 
Figure 9 shows tensile tress-strain curves of chitosan films with various DDA. For the prepared 
chitosan films with DDA of 91%, 72% and 63% (Figure 9a-c), the tensile strength and elongation at 
failure increase with increasing DDA due to changing molecular arrangement structure in film state. The 
chitosan with high DDA shows regular molecular structure and high crystallinity because high percentage 
of amino groups seems to benefit the formation of intramolecular and intermolecular hydrogen bonding. 
This enhances the tensile strength and elongation at failure of the chitosan films. As Figure 9d and 9e 
shown, the tensile strength are lower but the elongation at failure of the chitosan films with DDA of 55% 
and 52% are higher than that of other chitosan films. The highest elongation at failure is 33% and 
occurred in the chitosan film with 52% DDA. The results show the half N-acetylated chitosan film is 
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tougher than the others. This might be related with the different molecular orientation and the higher 
crystallinity with layered crystalline of this chitosan film. 
 
Fig. 9.  The dependence of stress-strain curves on the DDA of chitosan films: (a)DDA=91%, (b) DDA=72%, (c) DDA=63%, (d) 
DDA=55%, (e) DDA=52%. 
The uses for chitosan films are partially limited by the brittleness[33]. The improved flexibility of the 
half N-acetylated chitosan film provides convenient method for the efficacy as potential active packaging 
materials. In addition, the instant water solubility of this chitosan film suggests high potential for edible 
packaging or coating and other applications. 
4. Conclusions 
The molar ratio of acetic anhydride to GlcN units of chitosan determines the DDA of chitosan products 
in the homogeneous N-acetylation reaction. Based on the results of XRD and thermal analysis, it is 
indicated that the crystallinity of powder chitosans depends on the DDA and the powder chitosan with 
52% DDA shows lower crystallinity, higher water hold capacity and lower thermal stability than the 
original chitosan with 91% DDA. The differences may be explained by changing intermolecular 
hydrogen bonding. The DDA also influences the crystalline, swelling and mechanical properties of series 
of chitosan films. The SI of chitosan films increases with decreasing DDA and the tensile strength and 
elongation at failure have correlation with the DDA. XRD results show the half N-acetylated chitosan 
film has higher crystallinity with a layered crystalline structure, which might cause changes of the 
properties. The chitosan film with 52% DDA shows instant water solubility and improved elongation at 
failure. It is proposed that the about 50% N-acetylated chitosan material had a promising potential for 
further uses in packaging and other applications.  
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